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Introduction

29
Gene gun systems have been designed primarily as needle free techniques which can accelerate DNA 30 loaded micro-particles to provide sufficient momentum so that they can breach the outer layer of the skin and 
78
shown that an enhanced penetration depth of micro-particles inside the agarose gel can be achieved using 79 MN assisted micro-particle delivery at a much lower injection pressure compared to typical gene guns.
81
Generally, the route of the micro-particle penetration in the target tissue is divided into two types which are 
85
average diameter into canine buccal mucosa using light gas gun (Crozier et al., 1957) , which is governed by 86 the micro-particle transport through extracellular route. However, the disadvantage of this is that large particle 87 sizes may cause a lot of damage or destroy the skin surface.
89
Figure 1: A schematic diagram of the experimental rig for the MN assisted micro-particle delivery system 90 (Zhang et al., 2014) 
92
The intercellular route is considered to be important in the case of delivering small particles, which pass 93 through individual cell membranes, e.g., it can be used for particle mediated DNA immunization (Soliman and 
94
Abdallah, 2011; Hardy et al., 2005) . Dense materials (e.g. gold and tungsten) are often made into small 95 particles of a diameter ranging from 0.6 to 6 μm (Soliman, 2011; Hardy et al., 2005) which are smaller than 96 typical cell diameters. The particles can be accelerated to higher speeds to obtain enough momentum to 97 breach the skin and penetrate through the individual cell membranes. Although gold is recommended for the 98 particle delivery due to its high density, low toxicity and lack of chemical reactivity (Macklin, 2000) , it is an depth of micro-particles. The developed model is also used to determine the characteristics of the 137 micro-particle delivery where experimental data are not available. Please note that the paper is focused on 138 modelling the micro-particle delivery process. The issues related to the loading of genes on these particles 139 and subsequent gene transfection in a target cells are not discussed in this paper.
141
Please note that most of the technologies for loading DNA onto the particles and delivering the DNA-loaded 142 particles are well developed. In the present context, we do not propose any changes to these existing 143 methods but suggest a modification where the particle delivery process/devices are coupled with 
150
It is considered as a good replacement for gold particles because its density is similar to gold and has a low 
175
image, 50 random micro-particles are chosen to measure the average sphericity of the tungsten micro-particles which is found to be 0.66 ± 0.13 µm. The average bulk density and porosity of tungsten powder are 7.43 ± 0.08 g/cm 3 and 59.6 ± 0.4%. Ultimately, by combining the SEM image results with the size 178 distribution, gained from particle size analyser it is possible to confirm that the tungsten particles are a 179 nano-size powder. 
181
184
For the MN assisted micro-particle delivery, the micro-particles are required to be in the form a compressed 185 cylindrical pellet which is prepared by a pellet press as described by Zhang et al. (2013a) . Furthermore, the 186 packing density should be homogeneous within the pellet as far as possible so as to increase the possibility 187 that when the pellet is broken into particles and one obtains uniformly separated particles. This is an important characteristic of the developed process. Heterogeneity in the packing of the pellet is likely to create 189 more uncertainty in the distribution of the separated particles. To prepare the cylindrical pellet, Zhang et al.
190
(2013a) have mixed 40 mg of PVP in 1 ml of ethanol in which an amount of 0.035 g stainless steel
191
micro-particles has been added and bind the particles together. The mixture is transferred to a pellet press 192 (Zhang et al., 2013a) and compressed into a solid cylindrical pellet. Ethanol is evaporated due to their high 193 volatility and therefore, it is not present in the dry pellet which is used in experiments. A similar method was
194
followed to produce the pellets in this work. Furthermore, the homogeneity of the micro-particle packing was 195 checked using a micro computed tomography (micro-CT). Micro-CT is an advanced non-destructive 3D
196
imaging technique which can be used to clearly understand the internal microstructure of the samples 197 (Ritman, 2004) . Micro-CT has been used to detect any internal damage (e.g., internal fracture in the porous 198 pellet) and/or heterogeneity in the packing of pellet in this work. As an example, a three dimensional view of 199 the stainless steel pellet is shown in Figure 4a . As can be seen, the stainless steel micro-particles are 
252
For the MN assisted micro-particle delivery, a pellet is attached to a ground slide which is accelerated by a 253 pressurized gas in the acceleration stage (see Figure 1 ). It indicates that only the pressurized gas has done 254 the work during the acceleration process. The equation to describe this process:
Where E is the kinetic energy of the pellet, L is the traveling distance of the ground slide in the barrel before 257 the pellet is broken into micro-particles and R is the radius of the barrel. The gas pressure to push ground 258 slide moving forward is P 2 which decreases from a pressure P 1 in front of the barrel. The gas expansion can 259 be described by the Boyle's law (Webster, 1995) as below:
Where γ is the heat capacity ratio which defines as a constant of 1.6 for monatomic gas or 1.4 for diatomic 262 gas.
264
The kinetic energy of the pellet attached ground slide at the end of the barrel can also be calculated as:
266
Where M is the mass of the pellet attached ground slide and u is the velocity of the ground slide.
268
From an energy conservation point of view, the ground slide velocity can be specified as follows:
Separation stage
271
In theory, the pellet is released from the ground slide at end of the barrel and separated by a mesh in the 272 separation stage. Let us assume that the pellet has a mass of m p and it is separated into n micro-particles
273
with the same mass m and they have the same velocity u 1 after passing through the mesh. Further, the 274 energy loss is assumed to be x in the process of the pellet separation. According to the energy conservation 275 law to describe the kinetic energy of the separated micro-particles which is given as:
The equation (5) can be rearranged to an equation which uses to calculate the velocity of the separated 278 micro-particle and gives as:
Deceleration stage
281
The deceleration stage of the micro-particles is an important stage which directly affects the penetration 282 depth of micro-particle in the skin. The drag force of the skin is the major factor to decelerate the 283 micro-particles. In this work, the particle penetration in the skin use Newton's second law to proportional the 284 change rate of particle momentum to the drag force f d :
where f d is the drag force acting on the micro-particles, u d is the velocity of micro-particles.
288
Various studies have adopted that the drag force acting on the micro-particles is split into a yield force (F y ), a 
296
Where μ t is the viscosity of the target, r p is the radius of the micro-particle, ρ t is the density of the target and σ y 297 is the yield stress of the target. 
320
322
The lengths of the pierced holes are obtained from measuring the hole lengths in the skin mimicking agarose Table 3 .
334
Results and Discussions
335
The purpose of this section is compare tungsten micro-particle with stainless steel micro-particles for the MN 336 assisted micro-particle delivery based on the analysis of the passage percentage and the penetration depth 337 inside target. The maximum penetration depth of micro-particles is analysed in relation to the operating 338 pressure (see section 3.2.1) and MN length (see section 3.2.2). In addition, a theoretical model is used to analyse the penetration depth in relation to above two parameters to compare tungsten particle with stainless Page 14 of 34 particles sticking to the mesh and some rebounding, hence not passing into the test tube (particle collector).
356
As expected, the tungsten micro-particles show a similar performance to stainless steel. Figure 6 shows the 357 passage percentage of tungsten micro-particles is less significant than stainless steel micro-particles. It might
358
be the size of the tungsten particles is too small, which causes the velocity of the separated particles to mesh and target except the agglomerates. 
368
The operating pressure is shown to be a key variable on the penetration depth of stainless steel 369 micro-particles of 18 and 30 μm average diameters by us in a previous study (Zhang et al., 2013a (Zhang et al., , 2014 . In 370 this paper, we aim to investigate the difference of the penetration depth between the larger stainless steel 371 micro-particle and smaller tungsten micro-particles at various pressures. The tungsten micro-particles cannot 372 penetrate into the skin mimicking concentration of agarose gel. This is because the momentum of the 373 particles is insufficient to breach the surface of the gel. In the experiment, the operating pressures are kept 374 between 3 to 5 bar which are low for the small particles to achieve velocity to breach the target. It requires a
375
higher pressure for the small particles to achieve sufficient momentum to penetrate further into the target. In 376 addition, a comparison between tungsten and stainless steel micro-particles is shown in Figure 7 . As can be 377 seen, both irregular and spherical stainless steel particles of 30 and 18 μm average diameters achieve good To further understand the effect of the particle density and size on the penetration depth in the target, the 
417
178 μm of pore size: dash line: particle penetration without using MN; solid line: particle penetration with MN).
418
Each curve in the figure is generated from three repeats of experiments. 
446
is less than spherical micro-particle (18 μm diameter) in Figure 9 . It indicates that the amount of micro-particle 447 in the pierced holes decreases from an increase in particle size. This is because of the hole is reformed after 
451
especially to the large size of irregular stainless steel micro-particles. However, the maximum penetration 452 depth of each micro-particle is close but related to length of the pierced holes.
454
The maximum penetration depths of tungsten micro-particles show significant differences between each MN 455 array as shown in Figure 10 . It increases from an increase in MN length. As expected, a longer MN increases 456 the length of the pieced holes and thereby increases the maximum penetration depth of micro-particles.
457
However, the maximum penetration depth is varied at different operating pressure. This is because the length 458 of the pierced holes is varied after the removal of the MN array. The above results show the advantage of MN 459 assisted micro-particle delivery which provides a positive effect on the particle penetration even if the 460 momentum of the particle is insufficient to breach the target. of tungsten micro-particles in the top skin layer of stratum corneum at 5 bar operating pressure. As can be 489 seen, the particle velocity deceases very fast in the stratum corneum due to an increased resistance; the 
509
pressures on the penetration depth of this tungsten micro-particle, the penetration depth is analysed at 510 various operating pressures which range from 3 to 60 bar in the model. As presented in Figure 12 the 511 penetration depth of the tungsten particle is increased from 0.04 to 0.28 μm without using MNs while the 512 pressure varies from 3 to 60 bar. The penetration depth is negligible. It illustrates that the tungsten particle of 513 3 μm diameter are too small for penetration even if the operating pressure increases to a great value. Figure   514 12 also shows the tungsten particle achieves a great penetration depth after using MNs. However, the 515 penetration depth is increased slightly from an increase in operating pressure. To further understand the effects of particle size and density on the penetration depth, the particle is assumed 521 to be spherical in shape with uniform size and the particle diameter is varied from 3 to 100 μm for both 522 stainless steel and tungsten micro-particles using the presented model. As presented in Figure 13 the Figure 14 . It is worth to mention that the difference between experiment and 538 modelling may be due to the assumption that the particle shape of the tungsten particle is regular after the 539 separation stage in the model. As can be seen, the tungsten particles penetrate less than 0.1 μm without 540 using MN for the model result. It matches well with the experimental results which show the tungsten 541 micro-particles cannot penetrate into the skin mimicking agarose gel. However, this condition can be made 542 up by using MNs. As presented in Figure 14 the tungsten micro-particles reaches a further depth using 543 Adminpatch MN 1500, but the maximum penetration depths are varied at pressure ranges from 3 to 5 bar. This is because it is not possible to ensure that the length of the pierced holes is constant each time using the 545 same MN. As expected, the model results match well with the experimental results. In conclusion, the 546 maximum penetration depth of tungsten micro-particles is directly related to the length of the pierced holes, 547 and the operating pressure only presents a slight effect on the penetration depth in this case. To further 548 understand the effect of pierced holes on the penetration depth of tungsten micro-particles, three different 549 lengths of MNs (see Table 1 ) have used and discussed in the following section. In-house fabricated MN 750 µm the body of the same person (Xu et al., 2007; Vexler et al., 1999) . As discussed earlier, the penetration depth force is related to the target viscosity (equation 9) and the frictional resistive force depends on the density of 580 the target material (equation 10). In view of these inter-dependencies which in turn affect the micro-particle 581 delivery, this section aims to analyse the effects of each force on the penetration depth of micro-particle to 582 further investigate the major factors which provide a greater effect on the penetration depth.
584
For the MN assisted micro-particle delivery, the main point is the maximum penetration depth of the 585 micro-particle in the skin. As discussed already, a number of the micro-particles penetrate through the holes 586 made by the MNs to the dermis layer of the skin. In order to investigate the effect of each force on the 587 maximum penetration depth of micro-particle, we assume that the micro-particles penetrate into the dermis 588 layer at the tip area of the hole to obtain the maximum penetration depth of micro-particles. In addition, we 589 kept one of those three resistive forces as constant and ignored the other two forces to analyse the variation
590
of the penetration depth in the model. As shown in Figure 16 , stainless steel micro-particles penetrated 591 further than the tungsten particles due to the difference in particle size. Figure 16 also shows that the frictional 592 resistive force provided a minimum effect on the micro-particle penetration. The effect of the yield force on the 593 penetration depth is greater than the frictional resistive force. However, the major factor is the resistive inertial pressure, using a photoelectric sensor, which means that the particle velocity is less due to the energy loss.
622
This velocity is less than some previous studies for gold particles, e.g., Kendal (2001) has shown that 1 ± 0.2 623 μm diameter gold particles can reach a velocity of 580 ± 50 m/s at 40 bar pressure using a contoured shock 624 tube (CST). The ground slide presents a significant negative effect on the particle velocity, but it has safety 625 advantage which prevents the pressurized gas from impacting the human body. Thus, the operating pressure 626 is mimicked from 3 to 60 bar to study the penetration differences of tungsten micro-particles after increasing 627 the momentum in the theoretical model. However, the tungsten micro-particles still cannot achieve the 628 expected penetration depth. It indicates that a ground slide based gene gun system is not useful for the 629 intercellular route because micro-particles cannot reach velocities high enough to breach the skin. Increasing
630
the particle size will increase the moment but cause damage to the surface of the skin. As a result the 631 extracellular route is the expected solution for normally ground slide based gene gun system. Tungsten particle -kept yield force Stainless steel particle -kept yield force Tungsten particle -kept resistive inertial force Stainless steel particle -kept resistive inertial force Tungsten particle -kept frictional resistive force 
651
penetrates to a depth from 60 to 78.6 μm (epidermis layer) which is less than the maximum penetration depth 652 of the tungsten particles after using MNs. It shows that the improvement of the penetration depth using MN assisted micro-particle delivery, which achieves depths never reached before. In conclusion, the results show 654 that the intercellular route is feasible for the MN assisted micro-particle delivery. In theory, it is the preferred 655 route for MN assisted micro-particle delivery due to the cell damage is minimized from a decrease in particle 
Viscosity of the dermis layer
Tungsten particle -3μm diameter Stainless steel particle -18μm diameter Tungsten particle -18μm diameter Stainless steel particle -30μm diameter Tungsten particle -30μm diameter analyse the cell damage in further work. Future work should also focus on using animal/human skin for 659 detailed histological studies in contrast to agarose gel as used in this study. If using the proposed methods, 660 one should also be aware of the likeliness of dermal damage and pain that may occur if using long 661 microneedles besides any effect of gene gun on mechanical damage of the skin. Therefore, safety studies 662 should be conducted in detail in future studies.
664
Conclusions
665
This study shows an effective method for relating the use of MNs to create holes on the target for 666 micro-particle delivery to improve the penetration depth of micro-particles. The experimental rig considers 667 possible changes in the operating pressure to analyse the penetration depth and passage percentage of 668 tungsten and stainless steel micro-particles. Results show that the passage percentage increases due to an 669 increase in operating pressure until a maximum value. Tungsten micro-particles used in this study present a 670 lower passage percentage than stainless steel due to an insufficient momentum to reach the target (particle 671 collector). In addition, tungsten micro-particles are stopped by the skin mimicking agarose gel even if the 672 operating pressure is increased. But an increased operating pressure improves the penetration of stainless 673 steel particle without using MNs. This is because the diameter of tungsten micro-particles is small (< 1 μm).
674
To further understand the particle size and density effect on the penetration depth, a theoretical model is used 675 to mimic the operating pressure ranges from 3 to 60 bar to accelerate tungsten and stainless steel 676 micro-particles while the diameter ranges from 3 to 100 μm. The results show a great improvement in the 677 penetration depth of tungsten micro-particles which is more than stainless steel micro-particles. However,
678
both model and experimental results show that a use of MNs provides an improvement on the penetration 679 although the momentum is insufficient to breach the skin. The maximum penetration depth of micro-particles 680 up to dermis layer has not been reached before. It is related to length of MNs which determine the length of 681 pierced holes. As expected, model results matches well with the experimental results, which illustrates the 682 applicability of the model for the MN assisted micro-particle delivery. MN assisted micro-particle delivery 683 improves safety because an intercellular route can be chosen to reduce the damage from particle impact and 684 the pressurized gas is prevented by the ground slide. In addition, it also enhances the penetration depth of 
